ABSTRACT Light and temperature are ecological factors that are known to inßuence leaf quality and herbivory. Because temperature is likely to vary with light environment, the effects that each factor has on herbivore performance and seasonal herbivory rates are likely to be confounded. We studied how light and thermal environment inßuenced consumption and conversion of Lindera benzoin L. (Lauraceae) leaf material by Epimecis hortaria F. (Lepidoptera: Geometridae) in Þeld and laboratory settings. Ambient and leaf surface temperatures were higher in the sun than in the shade. Experimental enclosures increased feeding temperatures by Ͻ1ЊC. Larvae of E. hortaria feeding at warmer temperatures consumed more leaf material than their counterparts in cooler conditions in the laboratory. However, in the Þeld, herbivores tended to remove less leaf material from plants in warm, sunlit habitats where seasonal herbivory is lower. Conversion of leaf area eaten into biomass was higher in larvae feeding on L. benzoin leaves from sun habitats for all Þeld and laboratory treatments and was independent of temperature, suggesting that sun leaves are more nutritious for E. hortaria than shade leaves. While elevations in ambient temperature play a signiÞcant role in laboratory-based settings, the effects of ambient temperature on herbivory rates in the natural environment seem to be muted by differences in leaf quality and antiherbivore defenses in sun and shade populations of L. benzoin.
Light environment is typically considered a major determinant of rates of insect herbivory. Numerous studies have shown variation in herbivory between forest edge or gap and understory sites (Aide and Zimmerman 1990 , Niesenbaum 1992 , Shure and Wilson 1993 , Sagers and Coley 1995 , Fortin and Mauffette 2001 , and along gradients of primary productivity (Fraser and Grime 1998, Mazṍa et al. 2004 ). This work has almost exclusively been done within the context of the inßuence of light availability on leaf quality and defense as they affect rates of consumption by insects. Most studies have found a strong relationship between light environment and leaf quality, which in turn determined rates of herbivory (Mole and Waterman 1988 , Dudt and Shure 1994 , Nichols-Orians 1991 , Louda and Rodman 1996 , Jansen and Stamp 1997 such that light environment has been used as a proxy for leaf quality when studying the inßuence of leaf quality on insect performance (Levesque et al. 2002) .
A potential problem in determining the effects of light level on leaf quality and defense and consequentially on rates of herbivory is that temperature and light intensity are expected to be tightly correlated and can have contrasting inßuences on leaf consumption by herbivores. Temperature can inßuence insect herbivores directly. For example, elevations in ambient temperature result in increased rates of larval consumption and growth and development (Sherman and Watt 1973 , Scriber and Lederhouse 1983 , Knapp and Casey 1986 , Stamp and Bowers 1994a , Yang and Stamp 1996 , Levesque et al. 2002 . Studies on the effects of temperature, therefore, report that insects feeding in warmer habitats consume more leaf tissue (Sherman and Watt 1973 , Scriber and Lederhouse 1983 , Knapp and Casey 1986 , Stamp and Bowers 1994a , Yang and Stamp 1996 , Levesque et al. 2002 , whereas studies of light and herbivory generally report that rates of leaf damage are depressed in warm, sunlit habitats (Coley 1983 , Aide and Zimmerman 1990 , Niesenbaum 1992 , Shure and Wilson 1993 , Dudt and Shure 1994 , Sagers and Coley 1995 , Crone and Jones 1999 . The direct effects of temperature and light may not only be opposing, but are likely confounded in studies of herbivory rates in sun and shade plant populations.
There are also indirect effects of temperature on insect feeding. Aizen and Patterson (1995) found that rates of herbivory decreased along an increasing temperature gradient because of variation in leaf phenology in relation to the timing of insect feeding along that gradient. Others have found that temperature can inßuence rates of insect herbivory through its inßu-ence on leaf quality (Stamp and Bowers 1994a , Dury et al. 1998 , Kuokkanen et al. 2001 ) and the release of organic volatile compounds from leaves (Peñ uelas and Lluisá 2003) . The latter may be of particular interest given the recent focus on these compounds as potential cues for top-down regulation of insect herbivores (Kessler and Baldwin 2001) . Again, these indirect effects of temperature are confounded with light and have the potential to counter or amplify them in the Þeld.
Given the potential strong relationship between light levels and herbivore thermal environment and the possibility for these variables to both inßuence insect feeding in either similar or opposing ways, studies would beneÞt from considering them concurrently. However, very few studies that have considered the inßuence of light on insect herbivory have also considered the inßuence of temperature. Conversely, the recent focus of temperature on plant quality and herbivory within the context of global warming has essentially ignored interactions with light environment (Dury et al. 1998 , Kuokkanen et al. 2001 ). Here we examine the effects of light environment and temperature on herbivory rates and herbivore performance. We did this by studying the relationship between light and temperature and their inßuence on Epimecis hortaria F. (Lepidoptera: Geometridae) feeding on Lindera benzoin L. (Lauraceae), a plant that experiences greater herbivory in the shade than in the sun (Niesenbaum 1992 ). SpeciÞcally we examined (1) the relationship between light and ambient temperature in sun and shade populations of L. benzoin and in experimental enclosures and (2) how rearing E. hortaria on leaves grown in sun or shade inßu-ences rates of feeding, growth, and the efÞciency of conversion in the Þeld and at different temperatures in the laboratory.
Materials and Methods
Study Organisms and Study Site. Lindera benzoin L. (Lauraceae) or spicebush is a common native understory shrub in moist forests of eastern North America from southern Ontario to Florida. The plant is considered shade adapted, but occurs in a range of light conditions from deep shade within the forest understory to bright light on forest edges and in tree-fall gaps. Leaves vary in physical attributes such as leaf thickness and toughness and have a diversity of secondary carbon based chemicals such as terpenes. Leaf damage by lepidopteran larvae is easily distinguished and measured and has been shown to be greater in the shade than in the sun (Niesenbaum 1992) . Prior work has shown that sun leaves are tougher, less palatable, have lower water content, and experience less herbivory than plants in the shade (Niesenbaum 1992) .
The primary herbivore in this system is the larvae of Epimecis hortaria F. (Lepidoptera: Geometridae) or tulip tree beauty. Larval abundances peak in late June and in August with two generations per season. E. hortaria is oligophagous and has been observed in other habitats feeding on a limited number of species including Asimina triloba (Annonaceae), Sassafras albidum (Lauraceae), and Liriodendron tulipifera (Magnoliaceae); however, at our study sites, E. hortaria feeds almost exclusively on L. benzoin. We observed little or no herbivory on this host plant by other insects. E. hortaria can be successfully reared in the laboratory through multiple generations on leaves from L. benzoin.
Research was conducted at the Graver Arboretum of Muhlenberg College in Northampton County, PA, which supports large numbers of L. benzoin in both sun and shade environments. Typical of the mesophytic deciduous forest of this region (Braun 1950) , the overstory is dominated by Acer rubrum, Fagus grandifolia, Liriodendron tulipifera, Juglans nigra, and species of Quercus and Carya. The understory shrub layer is essentially a monoculture of L. benzoin. Sunny areas are those where the overstory is absent or quite thin, including the forest edge and large tree fall gaps, and shade areas are under relatively intact overstory.
Light and Temperature Measurement. Light intensity, ambient temperature, and relative humidity were monitored in three shade sites and three sun sites with six Watchdog 450 series data loggers (Spectrum Technologies, PlainÞeld, IL) in July 2003. The data loggers and temperature sensors were mounted next to plants and shielded from rain, solar radiation, and other sources of radiated and reßected heat that can distort measurement. Photosynthetically active radiation (PAR) was measured using quantum light sensors. Light, temperature, and relative humidity were logged every hour for 7 d. We assumed that light environment differences in temperature would only occur during daylight hours. We therefore compared the dependent variables of ambient temperature and PAR in sun and shade using one-way analysis of variance (ANOVA) on the means for each data logger from daylight hours only and again for mid-day hours (1100 Ð1300 hours). Leaf surface temperature, incident PAR, and transpiration rate at mid-day were measured using an LCi portable leaf chamber analysis system (Dynamax, Houston, TX). Measurements were made alternately on 42 arbitrarily selected leaves in each of two neighboring sun and shade habitats for a total of 84 measurements. The relationship between PAR and ambient temperature was examined using simple linear regression on raw data. All data met the assumptions of normality and homoscadasticity.
Field feeding trials are often conducted in cages or white mesh/organdy bags constructed of sown bridal veil and placed over plants or parts of plants (Bonser and Reader 1995) . Given the potential effects of microenvironment on feeding and the possibility that temperatures may be greater within these enclosures, we simultaneously compared temperatures within and outside of these enclosures using data loggers as described above in shade and sun habitats. In each habitat, we measured temperature on the inside and outside of six enclosures. Temperature was logged every hour for 7 d, and means were analyzed for daylight hours as described above.
Laboratory Feeding Trials. To separate the effects of temperature from other factors associated with sun and shade in the Þeld, we conducted laboratory feeding trials with 28 Þeld-collected larvae that were fed leaves from the sun and shade at different temperatures. Third-instar larvae were starved for 12 h to clear gut contents, weighed, and randomly assigned to four treatments based on peak temperature (22 or 32ЊC) and diet (sun or shade leaves) in a 2 by 2 factorial design replicated seven times. Each larva was placed in 1 of 28 9-cm petri dishes with moistened Þlter paper and fed fresh leaves from sun or shade habitats. Larvae were reared for 6 d in two separate Conviron CMP 4030 growth chambers (Conviron, Pembina, ND). Diurnal patterns of light (14/10) and relative humidity (65%) did not vary between chambers. Temperature was controlled diurnally with the average in the high temperature treatment 8ЊC higher than the colder temperature treatment and within the normal temperature ranges seen in the Þeld. Fresh leaves from either plant in sun or shade habitats were replaced as needed, but no larvae required Ͼ3 leaves during the course of the experiment. After the 6-d period, larvae were starved for 12 h and reweighed. No larvae initiated molt during this time period.
The amount of leaf area consumed was estimated using a Delta-T (Dynamax, Houston, TX) leaf area measurement system (Niesenbaum 1992) . EfÞciency of conversion was calculated as the biomass gained divided by leaf area consumed per individual larva. Leaf area consumed (cm 2 ), proportion of total leaf area consumed, biomass gained (mg), and efÞciency of conversion (mg/cm 2 ) were analyzed as 2 by 2 factorial randomized design using a two-way analysis of covariance (ANCOVA) with temperature, habitat source (sun/shade) of leaves, and their interaction as the main effects and initial larval weight as the covariate. Proportional data that did not meet the assumptions of normality or homoscadasticity were logtransformed. The assumption of homogeneity of slopes to perform an ANCOVA was met in all instances.
Field Feeding Trials. The Þeld feeding trial was conducted in July 2003. Three branches per plant were arbitrarily selected for use on six plants in sun and shade habitats for a total of 18 branches per habitat, and enclosed in white organdy bags constructed of sown bridal veil. Before bagging, each branch was checked for existing herbivores, and previous herbivory was marked with nontoxic ink. Thirty-six thirdinstar larvae that were reared in the laboratory on fresh L. benzoin leaves were randomly assigned to Þeld sun and shade treatments, starved for 12 h to clear gut contents, and weighed. They were immediately transported to the Þeld where one larva was placed on an individual branch. After 48 h, larvae were removed from the branches, starved for 12 h, and weighed. No larvae initiated molting during this time period. Leaves that incurred herbivore damage were removed, and leaf area measurements were taken as described above. Leaf area consumed (cm 2 ), biomass gained (mg), and conversion (mg/cm 2 ) were analyzed using one-way ANCOVA with habitat (sun/ shade) as the main effect. Initial larval weight was used as the covariate. The assumption of homogeneity of slopes to perform an ANCOVA was met in all instances. Prior work indicated that branches function essentially as independent units, making them appropriate units of independent replication (Niesenbaum 1996) .
Results
Light and Temperature Measurements. During daylight hours (0600 Ð1900 hours), PAR was signiÞ-cantly greater in sun plots than in shade plots (Table  1) , and PAR and ambient temperature were linearly related (F 1,362 ϭ 62.07; P Ͻ 0.001, R 2 ϭ 0.15). Accordingly, temperatures during daylight hours were signiÞcantly higher in sun plots than in shade plots (Table 1). During daylight hours, relative humidity was signiÞcantly greater in the shade than in the sun (Table 1). The differences in the mean ambient temperature and relative humidity at sun and shade sites were even greater at mid-day from1100 to 1300 hours (Table  1) . Leaf surface temperatures were linearly related to PAR measured concurrently at the leaf surface (F 1,82 ϭ 7.446, P Ͻ 0.01), and incident PAR and leaf surface temperatures were on average signiÞcantly higher at sun sights (Table 1) . Transpiration rates were significantly greater in the sun as well (Table 1 ). The tem- perature within experimental enclosures was signiÞ-cantly warmer (F 1,20 ϭ 20.64, P Ͻ 0.001), but only on average by 0.33 Ϯ 0.05ЊC. Laboratory Feeding Trials. Both the absolute amount and the percentage of leaf area consumed was signiÞcantly greater at warmer temperatures, but these values were unaffected by whether the leaves came from the sun or shade microhabitats ( Fig. 1A and  B ; Table 2 ). Rates of consumption of leaf material were nearly doubled at higher temperatures (Fig. 1A) . Feeding temperature, but not the source of habitat (sun/shade) of leaves, signiÞcantly inßuenced larval biomass gain ( Fig. 1C; Table 2 ). However, efÞciency of conversion, i.e., larval weight gain per unit area of leaf consumed, exhibited the opposite effect. Temperature did not inßuence the conversion of leaf area consumed into larval biomass, but whether the leaves came from the sun or shade did ( Fig. 1D; Table 2 ). Larvae fed leaves from sun habitats gained signiÞ-cantly more weight per amount of leaf material consumed than those fed on leaves from the shade independent of feeding temperature. The interaction between temperature and leaf source was never signiÞcant, but the covariate, initial larval mass, was signiÞcant for most variables (Table 2) .
Field Feeding Trials.
In Þeld feeding trials, the amount of leaf area consumed was not signiÞcantly different on plants at sun and shade sites (Table 3 ; Fig.  2A ). The amount of biomass gained by E. hortaria larvae also was not different between sun and shade sites (Table 3 ; Fig. 2B ). The conversion of leaf area into larval biomass was signiÞcantly greater on plants in the sun than in the shade (Table 3 ; Fig. 2C ). The covariate, initial larval mass, was signiÞcant for leaf area consumed and biomass gained but not for efÞ-ciency of conversion (Table 3) .
Discussion
Feeding microclimate within a population of herbivores can vary greatly over small spatial scales. Here, we show an order of magnitude difference in the mean incident PAR at plants within a few meters of each other (Table 1 ). Higher PAR in sun habitats results in signiÞcantly greater ambient temperatures and leaf surface temperatures (Table 1) . Although higher temperatures result in increased transpiration, which in turn should cause cooling, at mid-day, the average leaf surface temperatures were still 5ЊC greater in sun habitats. These differences in the temperature of the microhabitats where herbivores feed are likely to inßuence aspects of herbivore consumption that are not typically considered in studies of light and herbivory.
In the laboratory, larvae of E. hortaria consumed more leaf area, consumed a greater percentage of total leaf area, and gained more biomass at warmer temperatures. This result is consistent with previous studies of the effects of temperature on herbivore performance in which lepidoptera larvae had higher consumption rates and developed faster in elevated temperatures (Sherman and Watt 1973 , Scriber and Lederhouse 1983 , Kingsolver and Woods 1997 . Higher growth rates in lepidoptera reared in warmer temperatures have been attributed to increased consumption rates (Sherman and Watt 1973 , Scriber and Lederhouse 1983 , Kingsolver and Woods 1997 , Levesque et al. 2002 . Papilio glaucus reared at 30ЊC had relative consumption rates that were twice as high than when reared at 15ЊC, and larval growth rates were directly related to increases in food intake (Scriber and Lederhouse 1983) . Malacosoma disstria has displayed similar foraging behavior in response to increases in temperature (Levesque et al. 2002) .
In the Þeld, we consistently see greater rates of seasonal herbivory in cooler, shaded microhabitats than in warmer, sun habitats; as do others (Louda and Rodman 1983 , Larson et al. 1986 , Niesenbaum 1992 , Lindroth et al. 1993 , Dudt and Shure 1994 , Sagers and Coley 1995 . However, we saw no differences in rates of consumption in Þeld feeding trials in the sun and the shade. That larval feeding rates were not elevated in warmer, sunlit habitats in the Þeld and seasonal herbivory is greater in the shade contradict our laboratory results and suggest that temperature may be less important in determining feeding rates in the Þeld. A variety of ecological factors that inßuence insect performance and behavior in their natural environment, such as the risk of predation and more variable temperatures and microhabitats, are absent in laboratory experiments and might place an artiÞcial emphasis on the extent to which temperature can affect herbivory rates. In the Þeld, light-based variation in plant defenses and nutritional quality might largely account for the absence of foraging patterns and differences in insect performance associated with increases in temperature. E. hortaria larvae consuming L. benzoin leaves from sunlit environments had higher efÞciencies of conversion than their counterparts feeding on leaves from the shade, independent of temperature. Both increases in the nutritional quality of plant material (Mattson 1980 , Scriber and Slansky 1981 , Lincoln and Mooney 1984 , Fortin and Mauffette 2001 , Levesque et al. 2002 , and elevations in plant antiherbivore defenses (Coley 1983 , Dudt and Shure 1994 , Sagers and Coley 1995 , Crone and Jones 1999 can lead to depressed rates of herbivory and essentially counteract the effect that thermal environment has on E. hortaria feeding in warm, sunlit habitats. Ecologists typically measure herbivory as area removed because this estimates loss of photosynthetic potential (Strauss and Agrawal 1999) ; however, insect growth and conversion is more typically assessed strictly on the basis of biomass (Gavloski and Lamb 2000) . Leaf thickness and water content are also likely to vary with light as well (Field and Mooney 1983, Yun and Taylor 1986) , although these may vary even more with leaf age, nitrogen availability, and other factors. Future studies relating leaf herbivory to insect growth and conversion must consider ways to accurately relate or convert the measure most relevant to plant physiology, leaf area, to the measure most relevant to insect performance, biomass gain, and should also take into account leaf water content and larval dry weights (van Loon et al. 2005) .
Our Þeld experimental enclosures resulted in signiÞcant, but small, increases in temperature. These differences could be exaggerated during periods of high light and temperature. Given the common use of enclosures in studies of insect herbivory, the lack of real alternatives for conducting Þeld feeding trials, and the clear potential for light and temperature to either directly or indirectly inßuence the outcome of these interactions, attention to enclosure effects should be considered (Stamp and Bowers 1994b) .
A number of studies have considered various microclimatic effects on herbivory and insect performance. This includes studies of light environment including UV light (Warren et al. 2002 , Henriksson et al. 2003 , temperature (Ayres and Lombardero 2000) , and CO 2 , particularly within the context of global climate change (Dury et al. 1998, Peñ uelas and Lluisá 2003) . However, light as a major determinant of herbivory is rarely, if ever, considered within the context of temperature. Because light inßuences feeding temperature, leaf defense, and leaf nutritional quality, future work on the effects of light on herbivory must begin to tease apart these confounding factors. We suggest that the effects of light and temperature on herbivore feeding and growth rates can be partially resolved by comparing laboratory data with herbivore performance in the Þeld and by incorporating more detailed analyses of ecological factors, such as predation and plant chemistry, that inßuence phytophagous insects in concert with their biophysical environment.
